Four homologous oligopeptide-EDTA molecules, tri-, tetra, penta-, and hexa(N-methylpyrrolecarboxamide)-EDTA, in the presence of Fe(II), 02, and dithiothreitol, cleave 32P-end-labeled restriction fragments from plasmid pBR322 DNA at common locations rich in A-T base pairs that differ in the size of the binding site. From analysis of the cleavage patterns visualized by high-resolution denaturing gel electrophoresis, the oligopeptides with three, four, five, and six Nmethylpyrrolecarboxamide units, containing four, five, six, and seven amide NHs, bind sites of A-T-rich DNA consisting of five, six, seven, and eight contiguous base pairs, respectively. The general rule of n amides affording binding site sizes of n + 1 base pairs is consistent with the oligopeptides binding in the minor groove of right-handed DNA, with the amide NH groups forming bridges between the adjacent N-3 and 0-2 atoms of adenine or thymine on opposite strands of the DNA helix.
Netropsin and distamycin A are antibiotics active against fungi, bacteria, and viruses. These di-and tripeptides show a marked preference for DNA rich in adenine (A) and thymine (T) and have binding sites four to six base pairs in size (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . From a recent x-ray analysis of the complex of netropsin with the B-DNA dodecamer of sequence C-G-C-G-A-A-T-T-C-G-C-G, Dickerson and coworkers provide a molecular basis for the sequence-specific recognition of DNA by netropsin, and by extension, distamycin (12) . They find that netropsin sits symmetrically in the center of the minor groove of right-handed DNA and displaces the water molecules of the spine of hydration (12) . Each of its three amide NH groups forms a bridge between adjacent adenine N-3 or thymine 0-2 atoms on opposite helix strands (12) . This explains recent solution data that distamycin analogues having n amides characteristically bind to n + 1 successive base pairs (13) (14) (15) . Dickerson and coworkers suggest that the base specificity of netropsin for contiguous sequences of A-T base pairs in B-DNA is provided not by hydrogen bonding but by close van der Waals contacts between adenine C-2 hydrogens and CH groups on the pyrrole rings of the oligopeptide molecules (12) . Because N-methylpyrrolecarboxamides could be used as recognition elements for the design of synthetic sequence-specific DNA-binding molecules, the question arises whether higher numbers of contiguous Nmethylpyrrolecarboxamides in synthetic oligopeptides would still fit the natural twist of the B-DNA helix (13) (14) (15) (16) (17) (18) .
Affinity Cleaving. Attachment of DNA-cleaving moieties, such as EDTA-Fe(II) (19, 20) , to DNA-binding molecules followed by DNA cleavage pattern analysis using high-resolution denaturing gel electrophoresis is a useful method for determining the binding locations, site size, and orientation of small molecules on native DNA (14) (15) (16) (17) (18) . The resulting cleavage patterns are simply the positive image visualized on an autoradiogram with respect to the negative image produced by cleavage inhibition patterns ("footprinting") (17) (Fig. 1) . We have synthesized for comparison the tri-, tetra-, penta-and hexa(N-methylpyrrolecarboxamide)s equipped with EDTA (Fig. 2) . From the cleavage patterns on two 32p-end-labeled restriction fragments from plasmid pBR322 DNA, we have analyzed their binding sites, which are composed of A-T-rich DNA. We find that the binding sites for the tri-, tetra-, penta-and hexapeptides are five, six, seven, and eight base pairs, respectively.
MATERIALS AND METHODS
The general synthetic methods used for the construction of the oligo(N-methylpyrrolecarboxamide)s equipped with EDTA have been described for the case of DE (15) . The full synthetic details will be published elsewhere. The DNA used in this investigation was bacterial plasmid pBR322, whose entire sequence is known (21, 22) . The 32P-end-labeled restriction fragments were prepared as previously described (17) . Calf thymus DNA (Sigma) was sonicated, deproteinized, and extensively dialyzed.
High-Resolution Denaturing Gel. Each oligopeptide-ED-TA-Fe(II) molecule was prepared by mixing DE, P4E, P5E, or P6E at 10 mM with one equivalent of Fe(NH4)2-(S04)2-6H20 and diluting immediately. The cleavage reactions were run with >600 cpm of 32P-end-labeled restriction fragments made up to a total final DNA concentration of 100 Abbreviations: DE, tri(N-methylpyrrolecarboxamide)-EDTA (distamycin-EDTA); P4E, P5E, and P6E, tetra-, penta-, and hexa(Nmethylpyrrolecarboxamide)-EDTA; bp, base pair(s). *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Cleavage was initiated by the addition of 3 ALI of 25 mM dithiothreitol to the reaction mixture to give a total reaction volume of 15 ,Al. The reaction buffer was prepared to final concentrations of 40 mM Tris base and 5 mM sodium acetate and was adjusted to pH 7.9 with acetic acid. Final concentrations are given in the legend of Fig. 3 . The reactions were run for 1 hr. The reaction mixtures were frozen, lyophilized, and suspended in 4 Al of 100 mM Tris borate/formamide 50%o (vol/vol) at pH 8.3. The samples were heated/denatured and loaded onto a 0.4-mm-thick, 40-cm-long, 8% polyacrylamide (1:20 crosslinked)/50% urea gel and electrophoresed at 1000 V. The gels were autoradiographed at -500C and the cleavage patterns were quantified by densitometry.
RESULTS
DNA Cleavage Pattern Analysis. The cleavage sites for each of the oligopeptide-EDTA * Fe(II) molecules on 32P-endlabeled DNA restriction fragments were resolved by using high-resolution gel electrophoresis (Fig. 3) . The location and size of the binding site for each oligopeptide could be visualized from autoradiograms of the gels, which were analyzed by densitometry (Fig. 4) . Cleavage loci are produced flanking A T-rich sites. These multiple cleavage patterns, consisting of four or five contiguous base pairs, are asymmetric, shifted to the 3' side on each DNA strand. The cleavage pat- (15) (Fig. 5) average or fixed position of the EDTA Fe(II) moiety (Fig.  5) . Because the length of the tether is known, the first base pair boundary to that oligopeptide binding site can then be identified (Fig. 5) . Cleavage occurs on both sides of the A'Trich sites, which we interpret as two roughly equi-energetic orientations of the oligopeptide-binding unit on each site. The two orientations affording two cleavage patterns flanking each site permit assignment of binding site boundaries, which are shown as boxes in Fig. 4 . An assumption in this assignment is that the two orientations bind the same site rather than a fortuitous overlap of two smaller sites, each with one preferred orientation. For the tripeptides with EDTA at the amino and carboxyl termini, a common fivebase-pair site for both orientations is observed (15) . 
DISCUSSION
Binding Site Size. Four homologous oligopeptide-EDTA molecules, DE, P4E, PSE, and P6E, in the presence of Fe(II), 02, and dithiothreitol, cleave 32P-end-labeled restriction fragments at common locations rich in A-T base pairs that differ in size of the binding site. From analysis of the cleavage patterns visualized by high-resolution denaturing gel electrophoresis, the oligopeptides with three, four, five, and six N-methylpyrrolecarboxamide units, containing four, five, six, and seven amide NHs, bind sites of A T-rich DNA consisting of five, six, seven, and eight contiguous base pairs, respectively ( Table 1 ). The general rule of n amides affording binding site sizes of n + 1 base pairs is consistent with the oligopeptides binding in the minor groove of righthanded DNA with the amide NH groups forming bridges be- Sequence Specificity. The literature characterizes netropsin and distamycin as molecules that bind preferably to A Trich regions of DNA (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . It is known from equilibrium binding studies of distamycin analogues that homopolymer dA-dT sequences are preferred over alternating d(A-T) d(A-T) copolymer sequences (6, 7). The question arises whether G-C base pairs are permissible in the preferred binding sites of netropsin, distamycin, or higher oligo(N-methylpyrrolecarboxamide) homologs on DNA (6, 7, 23) . P4E binds (5'-3') G-A-A-A-T-T, P5E binds A-G-A-A-A-T-T, and P6E binds T-A-G-A-A-A-T-T on the 381-bp fragment (Fig. 4) . Why a G-C base pair is permissible must await direct methods such as xray crystal structure or NMR analyses of the appropriate oligonucleotide-oligopeptide complexes. Perhaps the close van der Waals nonbonded contacts between the pyrrole CH and the -NH2 group of guanine are adjustable or are not identical for every pyrrole position on the bound crescent-shaped oligopeptide. Moreover, there are several pure A'T-rich sites that are not strong binding sites for the oligo(N-methylpyrrolecarboxamide)s (Fig. 4) .
Design of Sequence-Specific DNA-Binding Molecules. The issue arises whether the N-methylpyrrolecarboxamide unit could be used as a recognition element that could be incorpo- rated into synthetic molecules designed to read B-DNA sequence specifically. According to the n + 1 rule and the bifurcated hydrogen bond model, the minimum recognition unit for one N-methylpyrrolecarboxamide on B-DNA is two base pairs. If the recognition elements for the NH carboxamide are on adjacent residues on opposite helix strands, there are 10 bridged base possibilities. AA, AT, AC, AG, TT, TC, TG, CC, GG, and CG. The data reveal that the preferences of bridged hydrogen bonds between adjacent bases on opposite helix strands decrease in the following order: AT >> AA > TT > AC, TC, TG >> AG, CG, CC, GG (Table  2) . From the limited data presented here the preferred twobase-pair DNA sequences for the N-methylpyrrolecarboxamide DNA binding unit are, in decreasing order, (5'-3')TT >> TA, AT > GA, GT, CT >> CA, CC, GC, CG.
